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The msh/Msx family is a subclass of homeobox-containing genes suggested to perform a conserved function in the patterning of the early
embryo. We had already isolated a member of this gene family (Ci-msxb) in Ciona intestinalis, which has a very complex expression pattern
during embryogenesis. To identify the regulatory elements controlling its tissue-specific expression, we have characterized the gene structure
and the regulatory upstream region. By electroporation experiments, we demonstrated that a 3.8-kb region located upstream of the gene
contains all the regulatory elements able to reproduce its spatial expression pattern. Analyzing progressively truncated fragments of this
region, three discrete and separate regions driving LacZ reporter gene expression in the ventral epidermis, primordial pharynx and neural
territories have been identified. We further investigated the element(s) necessary for Ci-msxb activation in the nervous system during
embryonic development by in vivo and in vitro experiments. Both electroporation and gel-shift assays of overlapping wild type and mutated
oligonucleotides demonstrated that a unique sequence of 30 bp is involved in Ci-msxb neural activation from neurula to larva stage. This
sequence contains consensus binding sites for various ubiquitous transcription factors such as TCF11 whose possible implication in
formation of the regulatory complexes is discussed.
D 2003 Elsevier Inc. All rights reserved.Keywords: Promoter; Cis-element; Pharynx; Nervous system; LacZ reporter gene; Homeobox
Introduction Primitive organisms appear to have only one msh gene,The msh/Msx family is a well-defined subclass of ho-
meobox-containing genes that exhibits an extraordinary
degree of sequence conservation within a broad range of
phyla. Members of this gene family have been isolated from
a variety of organisms from basal metazoans to human
(Ivens et al., 1990; Seimiya et al., 1994).
On the basis of few specific differences in the very highly
conserved homeodomain and neighboring regions of the
proteins, three subclasses can be distinguished by their
similarity to the products of the vertebrates Msx-1, Msx-2
and Msx-3 or the invertebrate msh genes (Davidson, 1995).0012-1606/$ - see front matter D 2003 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2003.11.005
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Biology, Stazione Zoologica ‘‘A. Dohrn’’, Villa Comunale 1, Naples 80121,
Italy. Fax: +39-81-7641355.
E-mail address: maggy@szn.it (M. Branno).whereas in mammals there are at least three family mem-
bers. The duplication of the msh/Msx family members
appears to have occurred sometimes around the origin of
the vertebrate lineage, since the cephalochordate Amphiox-
us, closest living relative to the vertebrate, has only one msh
gene (Holland, 1991; Holland et al., 1994).
In all the species in which these genes have been isolated,
the expression pattern and the function are also highly
conserved. During embryogenesis, Msx genes are expressed
in territories derived from mesoderm and neuroectoderm
and, from Drosophila to vertebrates, they are involved in the
neural patterning and in the spatial subdivision of the
neuroectoderm along the dorso-ventral axis of the embryo
(D’Alessio and Frasch, 1996). In particular, at early stages,
they seem to contribute to the spatial information, at
intermediate stages to regional subdivision and morphogen-
esis, and at later stages to cell-type specification (Bendall
and Abate-Shen, 2000).
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this gene family performs a conserved function in the
patterning of the early embryo (Bendall and Abate-Shen,
2000).
Studies on the msx gene family, reported so far in
literature, show that during evolution the ancient msx gene
went through both genetic duplication and function special-
ization concomitantly with the increase of the body structure
complexity.
The three Msx genes described in mouse (Bell et al.,
1993; Hill et al., 1989; Holland, 1991; Monaghan et al.,
1991; Robert et al., 1989; Shimeld et al., 1996), show both
common and specific territories of expression. Msx-3 is
exclusively expressed in a limited region of the nervous
system, while Msx-1 and Msx-2 have a more wide profile of
expression. They are present not only in the CNS but also in
the premigratory cranial neural crest cells, in the craniofacial
mesenchyme and epithelium, in the heart and in the forelimb
(Chan-Thomas et al., 1993; Mackenzie et al., 1991, 1992;
Monaghan et al., 1991; Wang et al., 1996).
We already reported the isolation of a member of this gene
family from Ciona intestinalis, Ci-msxb, which shows a
high-identity degree with the genes isolated from the other
organisms (Aniello et al., 1999). Ci-msxb has a very complex
expression pattern during embryogenesis. At the beginning
of gastrulation, the transcript appears in the precursors of
mesenchyme cells, muscle, spinal cord, endoderm strand and
pigmented cells as well as in the precursors of the nervous
system and the primordial pharynx. In the larva, this expres-
sion is observed in the primordial pharynx, in the sensory
organs and in the neck, connecting the sensory vesicle and
the visceral ganglion. In the juvenile, the expression of Ci-
msxb is restricted only to two distinct areas, the pharynx and
the neural gland (Aniello et al., 1999).
It is interesting to note that Ci-msxb is expressed in
blastomeres that are precursors of mesoderm cells only
during gastrulation, while no more expression is detectable
in tissues of mesoderm origin later during embryogenesis.
This is the more evident difference between the expression
pattern of Ci-msxb and its homolog genes in other organ-
isms. In fact, also the two ascidian genes, Mocu msxa and
Mc msxa (Ma et al., 1996), are expressed at larval stage in
the tail muscle and in the juvenile, in heart primordium and
in the ampullae that are tissues of mesoderm origin.
This difference seems to indicate that in Ciona, the most
important role of this gene is to regulate and control the
morphogenetic movements during the nervous system de-
velopment (Aniello et al., 1999). Its role in tissues of
mesoderm origin is important only during the early stages
of development, when the morphogenetic movements are
active and the cellular differentiation begins.
On the light of these results, the study of the regulatory
mechanisms underlying msx precise spatiotemporal activa-
tion could shed new light on the pathways that control the
morphogenetic movements and CNS differentiation during
the early stages of embryonic development. C. intestinalisrepresents a good model to elucidate some of these mech-
anisms avoiding the problems of functional redundancy
typical of vertebrates.
To identify potential cis-acting elements that may regulate
Ci-msxb tissue-specific expression, we have characterized
the genomic structure of the Ci-msxb gene and analyzed by
electroporation a 3.8-kb regulatory region. We demonstrated
that this region contains enhancer elements responsible for
its spatial expression. Interestingly, three putative regulatory
regions have been identified: the first one is responsible for
the gene expression in the ventral epidermis, the second one
in primordial pharynx, and the third one in the neural
territories. We identified a short sequence of 30 bp contain-
ing a core recognition element for TCF-11, AP-1 and USF
that is necessary for Ci-msxb expression in the nervous
system during embryonic development.Materials and methods
Ascidian
C. intestinalis adults were collected in the bay of Naples
by the fishing service of the Stazione Zoologica. Gametes
were collected from the gonoducts of several animals and
used for in vitro fertilization; fertilized eggs were raised in
filtered sea water at 18–20jC. Samples at appropriate stages
of development were collected by low-speed centrifugation
and were used for RNA extraction (Sprenger et al., 1995).
Genomic library screening
A genomic library derived from C. intestinalis DNA
purified from spermatozoa was constructed using the Lamb-
da DASH II/BamHI Vector Kit according to the manufac-
turer’s protocol (Stratagene). Approximately 1  106
plaques were screened using as probe the Ci-msxb 32P-
labeled cDNA. Hybridization was performed in 6 SSC,
5 Denhardt’s solution, 0.1% SDS, 100 Ag/ml sonicated
salmon sperm DNA and 50 mM sodium phosphate at pH
7.0 at 65jC for 18 h. Washing was performed at high
stringency. Four positive genome DNA recombinant clones
were purified and amplified. One positive clone, containing
a 9.0-kb insert, was analyzed in detail by restriction endo-
nuclease digestion and Southern blot hybridization. A 7.0-
kb fragment was subcloned in pBlueScript KS (clone M3)
and sequenced.
Primer extension experiment
To define the transcriptional start site(s) of the Ci-msxb
gene, primer extension analysis was performed using 2.5 Ag
of poly(A)+ RNAs isolated from embryos at larval stage
(Sambrook et al., 1989). A 32P-labeled antisense primer (5V-
aatttacgaactactcgtctgagg-3V), designed in the 5V UTR and
extending from position 70 to 94 from the putative
M.T. Russo et al. / Developmentaltranslation start site (Fig. 1A), was annealed to poly(A)+
RNAs for 90 min at 65jC. Annealing was followed by
extension with 5 units of Avian myeloblastosis virus reverse
transcriptase at 42jC for 1 h. The reaction mixture was
treated with 10 units of RNAse A for 1 h at 37jC and
ethanol precipitated in the presence of 10 Ag of tRNA and
0.04% SDS. The product was run on 6% sequencing gel and
exposed to BMS Kodak X-ray film.Fig. 1. Ci-msxb gene structure, transcription initiation sites and Southern blot.
homeobox (striped box). The lines indicate the four introns of 110, 402, 329 an
5Vupstream region is presented in bold line where the three alternative transcriptio
number: AJ515711). The enzymatic restriction sites for EcoRI (E) and SalI (S) ar
RNA from embryos at larval stage. Lanes A, C, G and T are sequencing reactions o
primer extension and indicated by arrows, are located 111, 110 and 108 bp upstream
transcription start sites indicated in A as +1, +2 and +4. (C) Genomic DNAwas dig
the Ci-msxb cDNA probe.Southern blot analysis
EcoRI-, HindIII- and SalI-digested DNA (10 Ag) from
Ciona spermatozoa were fractionated on 0.7% agarose gel in
1 Tris/Borate/EDTA (TBE) and transferred to Hybond N+
filter (Amersham) by overnight capillary blotting. The filter
was incubated in prehybridization solution (5 SSC, 5
Denhardt’s, 100 Ag/ml sonicated salmon sperm DNA and 50
Biology 267 (2004) 517–528 519(A) The coding sequence of 985 bp in length is boxed and includes the
d 175 bp in length. 5V and 3V UTR are shown in white boxes. Part of the
n start sites and the putative CATAA box are indicated (GenBank accession
e indicated. (B) Ci-msxb mRNA start sites were determined using poly(A)+
f unrelated DNA used for size determination. Lane 1, fragments obtained by
from the translation start codon, respectively, and correspond to alternative
ested with EcoRI (E), BamHI (B) and SalI (S). The blot was hybridized with
M.T. Russo et al. / Developmental Biology 267 (2004) 517–528520mM sodium phosphate at pH 7.0) for 1 h at 65jC and
hybridized overnight at 65jC with 2  106 cpm/ml of full-
length Ci-msxb cDNA as radiolabeled probe. The filter was
washed twice for 30 min at 65jC in 0.2 SSC and 0.1%
SDS and finally was exposed to BMS Kodak X-ray film.
Preparation of constructs and electroporation experiments
The vector used in the electroporation experiments was
pBlueScript II KS containing the LacZ and SV40 polyade-
nylation sequences (pBS + LacZ) (Locascio et al., 1999)
and all the genomic fragments were inserted in the 5V–3V
orientation.
The genomic fragments 830/+227, 469/+227, 239/
+227 and 129/+227 contained in the constructs 1.0, 0.65,
0.45 and 0.35, respectively (Fig. 2), were amplified by PCR
from the genomic clone M3. The used oligonucleotides
were designed according to the sequence of the genomic
DNA and contained desirable restriction sites, in particular
HindIII at 5Vand BamHI at 3Vend. The amplified fragments
were cloned in the pBS + LacZ vector in the 5V to 3V
orientation.
The 3.0 construct was obtained by subcloning a HindIII–
HindIII genomic fragment (2558/831), obtained from
the same genomic clone, in the 1.0 construct digested with
HindIII.
The 4.0 construct was prepared in two steps by using as
starting vector the 1.0 construct digested with HindIII. In the
first step, the (3804/2559) fragment, obtained from the
same genomic clone and digested with EcoRI–HindIII, was
ligated in the HindIII site, then filled-in at the noncohesive
ends and ligated once again obtaining a 2.0 construct. In the
second step, the fragment (2558/831), obtained by di-Fig. 2. Summary of Ci-msxb transgenic constructs. Diagram of different 5VCi-msx
genomic sequence of Ci-msxb gene with part of the coding region represented as
isolation of the promoter region and the construction of the transgenes are also ind
tissues where the reporter gene is expressed. Crosses number is indicative of sign
indicates the first intron and the white box the 5VUTR. The 0.2 represent the basa
neural fold; nt, neural tube; op, otolith-ocellus precursor; ph, pharynx; sv, sensorgestion with HindIII of the same genomic clone, was ligated
with the 2.0 construct digested with the same enzyme.
The D(217/+118) and D(96/+118) constructs were
prepared in two steps by using as starting vector the 0.2
construct from Locascio et al. (1999) digested with HindIII.
Two genomic fragments from 469 to 218 bp and from
239 to 97 bp were amplified by PCR using primers
containing a HindIII site and cloned in the 0.2 construct
obtaining two intermediate constructs. In the second step,
another genomic fragment from +119 to +227 bp,
corresponding to the first Ci-msxb intron, was amplified
by PCR and inserted in the BamHI site just upstream of the
LacZ reporter gene of the two intermediate constructs.
The 0.1 construct was prepared by cloning the first intron
(see above) in the HindIII site of the 0.2 construct (Locascio
et al. 1999).
The N3-0.2, N3-0.35 and Mut0.2, Mut0.35 constructs
were obtained by cloning two tandem repeats of the wild-
type N3 and mutated N319–21 sequences with flanking
HindIII sites into the HindIII digested 0.2 (Locascio et al.,
1999) or 0.35 vectors.
All these constructs, electroporated in fertilized and
dechorionated C. intestinalis eggs as described in Locascio
et al. (1999), have been tested in at least five different
experiments.
Hundreds of embryos have been analyzed in each
experiment.
Electrophoretic mobility shift assay (EMSA)
Complementary single-stranded oligonucleotides (Figs.
4A and 5A) were annealed and radiolabeled by phosphory-
lation with T4 polynucleotide kinase. Radiolabeled DNAb promoter sequences analyzed in the electroporated embryos. At the top,
a wide rectangle. The restriction sites (E, EcoRI; H, HindIII) used for the
icated. BamHI (B) was introduced by PCR. Right side: construct names and
al intensity and days of staining: ++, 1–2 days; +, 3–6 days. The grey line
l promoter sequence of the CiHox3 gene. e, ventral epidermis; n, neck; nf,
y vesicle; vg, visceral ganglion.
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extracts prepared from neurula and larva embryos according
to Tomlinson et al. (1990) in the presence or absence of
competitor oligonucleotides. The assay was carried out
essentially as described by Yuh et al. (1994) with 6 pmol
poly (dIdC). The sequence of the random oligonucleotide (R)
was: 5V-atagagtaagccgattattg-3V. All the oligonucleotides used
in EMSAwere purchased by the Molecular Biology Service
of the Stazione Zoologica ‘‘Anton Dohrn’’ in Naples.Results
Ci-msxb gene structure and transcription initiation sites
To characterize the complete Ci-msxb gene structure, a
genomic library derived from spermatozoa DNA of C.
intestinalis was screened using as probe the Ci-msxb cDNA
(Aniello et al., 1999). The M3 subclone, obtained by
digestion of one of the positive phage clones and containing
a 7.0-kb insert, was analyzed in detail by restriction endo-
nuclease digestion and Southern blot hybridization. It results
to encompass the entire coding sequence and 3.8 kb of the
proximal promoter. The open reading frame, found to be
identical to the cDNA sequence, was used as a guide to
delineate the exon–intron structure. The gene structure is
schematized in Fig. 1A. The gene is composed of five exons
and four introns. An intron of 110 bp is located just after the
first two codons; two introns of 402 and 329 bp, respec-
tively, are present upstream of the homeobox and a fourth
intron, 175-bp long, is localized in the homeobox just
upstream of the third helix.
Transcription initiation sites of the Ci-msxb gene were
determined by primer extension analysis using RNA
poly(A)+ from C. intestinalis larvae (Fig. 1B). This result
indicated that there are multiple transcriptional start sites in
the Ci-msxb gene: two major sites, referred as +1 and +2,
located 111 and 110 bp upstream of the translation start site,
respectively, and a weaker one, referred as +4, located 108
bp from the same position.
Southern blot analysis
Southern blot analysis was performed to determine the
copy number of the Ci-msxb gene. Fig. 1C shows the result
obtained with Ciona genomic DNA digested with EcoRI,
BamHI and SalI and hybridized with the cDNA probe
(Aniello et al., 1999). The presence of only one (lane B) or
two labeled bands (lanes E and S) is perfectly in agreement
with the relative positions of the consensus sequences
recognized by the enzymes on the genomic DNA sequence
(Fig. 1A). In particular, no BamHI site and three sites for
EcoRI and SalI have been found in the 9.0-kb sequence of
Ci-msxb genomic region. Two EcoRI recognition sites are
shown in the schematic representation in Fig. 1A, located
respectively in the third exon and 0.4 kb downstream of thenucleotide corresponding to the 3Vend of the mRNA. A third
EcoRI site is located 3.8 kb upstream of the transcription
start site (not shown). Digestion with EcoRI generates two
fragments of 4.6 and 1.9 kb detected by the cDNA probe in
the Southern blot analysis (Fig. 1C). The SalI sites, indicated
in Fig. 1A, give rise to two positive bands of 2.0 and 2.3 kb
(Fig. 1C). This result clearly suggests that Ci-msxb is a single
copy gene. The same genomic organization was obtained
from the JGI Ciona genome project database and the search
for other msx genes failed.
Ci-msxb promoter analysis in electroporated embryos
To identify the elements required for tissue-specific
expression of Ci-msxb, different 5V genomic fragments of
this gene were assayed in electroporation experiments using
LacZ as reporter gene (Fig. 2). The electroporated Ciona
embryos were allowed to develop until the stage of interest,
then fixed and assayed for h-galactosidase activity by X-gal
staining. Initially, we assayed the 3.8 kb (named 4.0
construct) fragment extending from position 3804 to
+227 and including the first intron (Fig. 2). As shown in
Fig. 3A, at the larval stage, staining was visible in the region
of the primordial pharynx, in the sensory vesicle and in the
neck connecting the sensory vesicle and the visceral gan-
glion, showing virtually the same localization as the endog-
enous transcript. However, this construct also showed
expression in the caudal muscles. In this case, as well as
for the other mesodermal stainings, we cannot distinguish
between ectopic signal and persistence of LacZ protein in
this tissue reflecting reporter gene activation in the blasto-
meres precursors of muscle cells at gastrula stage.
This construct was also analyzed at previous stages of
development, tailbud and neurula stages; the signal was
visible along the neural tube in the tailbud (Fig. 3B), along
the neural folds in the neurula (Figs. 3C,D), in the precur-
sors of sensory organs and in the ventral epidermis in both
the stages (Figs. 3B,D). A signal is also present in the
mesoderm that will give rise to the muscles (Figs. 3B,D).
Various constructs progressively truncated at the 5Vend
were then prepared (Fig. 2) and assayed. The same expres-
sion pattern found with the 4.0 transgene was obtained at the
larva stage with the 3.0, 1.0 and 0.65 constructs (Fig. 3A),
while the 0.45 construct was unable to drive reporter gene
expression in the primordial pharynx (Fig. 3E).
At earlier stages, the 3.0 construct shows the same
expression pattern as the 4.0 construct (data not shown)
while the 1.0, 0.65 and 0.45 constructs activate the reporter
gene expression in all the neural territories but not in the
ventral epidermis (Figs. 3F,G).
The results presented so far permitted to identify three
regions in the promoter that appear to drive the expression of
the reporter gene in the different territories: the ventral
epidermis, the primordial pharynx and the neural territories.
On the basis of the results obtained with the 3.0 and 1.0
constructs (Fig. 2), the elements controlling the expression in
Fig. 3. Expression of different transgenic constructs in electroporated Ciona embryos. (A–D) Electroporation with the 4.0 construct: (A) dorsal view of larva,
X-gal staining is visible in the pharynx, in the sensory vesicle, in the neck and visceral ganglion; (B) lateral view of embryo at tailbud stage, where signals are
present in the precursor of otolith and ocellus, in the neural tube, in the ventral epidermis and ectopically in mesoderm cells; (C, D) dorsal and lateral views of
embryo at neurula stage, where positive signals are in the same territories of the embryo at tailbud stage. (E–G) Electroporation with the 0.45 construct: (E)
lateral view of larva, X-gal staining is no more visible in the pharynx; (F, G) lateral views of embryo at tailbud and neurula stage where the signal is no more
visible in the ventral epidermis. (H) Electroporation with the D(217/+118) construct, lateral view of larva where the signal is visible only in the pharynx.
(I–L) Electroporation with the D(96/+118) construct: (I) lateral view of larva, positive X-gal staining is visible only in the neural territories; (J) lateral view of
tailbud embryo showing the same results as in (F); (K, L) dorsal and lateral views of neurula embryo where the X-gal staining is as reported for the 0.45
construct. (M–O) Electroporation with the 0.35 construct, no positive signals are detectable in all the stages analyzed. e, ventral epidermis; m, mesoderm cells;
n, neck; nf, neural fold; nt, neural tube; op, otolith-ocellus precursor; ph, pharynx; sv, sensory vesicle; vg, visceral ganglion. The numbers on the left indicate the
name of the constructs.
M.T. Russo et al. / Developmental Biology 267 (2004) 517–528522the ventral epidermis appear to be in a region extending from
position 2558 to 831. The elements regulating the ex-
pression in the neural territories seem to be present in the
region extending from position 239 to +227 (0.45 con-
struct). Results obtained with the 0.65 and 0.45 constructsdemonstrated that the elements driving the expression in the
primordial pharynx are present in the region extending from
position469 to240 (Fig. 2). As shown in Figs. 2 and 3H,
the D(217/+118) construct is able to drive the expression of
the reporter gene only in the primordial pharynx, thus con-
M.T. Russo et al. / Developmental Biology 267 (2004) 517–528 523firming the above-mentioned hypothesis that the pharynx
enhancer element(s) are included in this genomic region.
To narrow the regulative region responsible for the ex-
pression of Ci-msxb in the neural territories, the 239/+227
region was divided into two overlapping fragments, and
analyzed in the constructs D(96/+118) and 0.35 (Fig. 2).
The D(96/+118) construct drives LacZ expression in all
the territories corresponding to that of the endogenous
transcript at larva, tailbud and neurula stages (Figs. 3I–L).
The 0.35 construct was unable to drive expression in any
embryonic tissue, probably because it represents the mini-
mal promoter region lacking enhancer elements (Figs. 3M–
O). Same results were obtained with the 0.1 construct
containing only the first intron.
It is noteworthy that in the D(217/+118), D(96/+118)
and 0.1 constructs has been added a 0.2-kb fragmentFig. 4. (A) Nucleotide sequence of the regulatory region contained in the D
oligonucleotides used in band-shift assays. Gel-shift analysis of protein extracts f
lanes 4 where the protein extracts from neurula and larva were incubated with the
unlabeled oligonucleotide (lanes 5) but not of random oligonucleotide (lanes 6) in
band obtained with N3, is present when neurula extracts are incubated with the N
lanes 1–3) only produced unspecific bands reduced in presence of specific (C, lan
retarded bands.corresponding to the basal promoter of the CiHox3 gene.
This insertion was necessary to provide TATA and CAAT
boxes for basal transcription machinery in substitution of
the deleted Ci-msxb sequences (Fig. 2). Furthermore, the
first intron, although driving no expression alone, is neces-
sary to enhance the regulatory elements activity since the
constructs lacking this sequence show very low levels of
reporter gene expression.
Identification of a neural-specific Ci-msxb enhancer
As reported above, the region extending from position
239 to 97 (D(96/+118)) contains elements responsi-
ble for the restricted expression of the LacZ transgene in
the nervous system of the embryo at neurula and larva
stage.(96/+118) construct. The underlined sequences N1–N7 correspond to
rom Ciona neurulae (B) and larvae (C). Two shifted bands are observed in
N3-labeled oligonucleotide. Incubation with 200-fold molar excess of N3-
hibited the complex formation. A retarded band, corresponding to the upper
2 (B, lanes 1–3) oligonucleotides. Incubation of N2 with larva extracts (C,
e 2) or unspecific oligonucleotide (C, lane 3). Arrows indicate the specific
Fig. 5. Gel-shift analysis with wild-type and mutated N3 oligonucleotides
and with neurula and larva protein extracts. (A) Nucleotide sequence of the
N3 oligonucleotide. The consensus regions recognized by the transcription
factors TCF11, Adf-1, AP-1 and USF are indicated by brackets. The
corresponding core regions are boxed. N37– 9 and N319 – 21 represent
oligonucleotides mutated in the consensus region recognized by Adf-1 and
TCF11-USF-AP-1, respectively. (B) Gel-shift results with neurula (lanes
1–5) and larva extracts (lanes 6–10). Two bands are visible with N3 and
neurula extract (lane 1). The upper band common to all oligonucleotides
(see Fig. 4B) has not been considered. The lower specific band (empty
arrow) disappears in the presence of the unlabeled N3 (lane 2) or the
mutated N37 – 9 (lane 4) oligonucleotides, while is not affected by the
random one (lane 3) or by the mutated N319 – 21 (lane 5). The two specific
bands (black arrows) obtained with the wild-type N3 and larva extract (lane
6) disappear in presence of the corresponding unlabeled oligonucleotide
(lane 7) or the mutated N37– 9 (lane 9) but not using the random (lane 8) or
the N319 – 21 (lane 10) competitors. Shifted bands of different size are
obtained with the N3 oligonucleotide comparing neurula (lanes 1–5) and
larva protein extracts (lanes 6–10). Arrows indicate specific retarded bands.
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specific expression, seven overlapping oligonucleotides of
30 bp each that covered the entire region were designed
(Fig. 4A) and assayed in gel shift assays using whole-cell
protein extracts of Ciona neurulae and larvae (Figs. 4B,C).
Only the oligonucleotide N3, indicated in Fig. 4A, was
able to form specific complexes (Figs. 4B,C, lanes 4),
although the shifted bands present in the two embryonic
stages have different size. In both cases, the retarded bands
disappeared in the competition with 200-fold excess of
specific unlabeled oligonucleotide (Figs. 4B,C, lanes 5),
but were not affected by 200-fold excess of the random (R)
oligonucleotide (Figs. 4B,C, lanes 6). The upper band,
present in neurula extracts (Fig. 4B), seems to be specific
but is common to all the tested oligonucleotides and has not
been taken into account. The other oligonucleotide, N2
showed in Figs. 4B,C (lanes 1–3), as well as the N1 and
N4–N7 (data not shown), only aspecifically interacted with
neurula and larva proteins, as demonstrated by the disap-
pearance of the retarded bands in presence of the random
(R) oligonucleotide (Figs. 4B,C, lanes 3).
The sequence of the oligonucleotide N3 has been sub-
mitted to TRANSFAC database to check for possible
binding sites recognized by known transcription factors.
From this analysis, different transcription factors appeared
to recognize the oligonucleotide sequence: TCF11 (T-cell-
specific transcription factor; Luna et al., 1994), USF (up-
stream stimulating factor; Workman et al., 1990), Adf-1
(alcohol dehydrogenase factor 1; England et al., 1992) and
AP-1 (activator protein 1; Jehn et al., 1992). The consensus
sequences recognized by these factors are indicated in Fig.
5A. It is possible to note that the consensus sequences of Adf-
1 and AP-1 are situated on the 5V–3V strand, while those of
TCF11 and USF partially overlap on the 3V–5V strand.
To verify if the retarded bands obtained with N3 oligo-
nucleotide (Figs. 4B,C, lanes 4) in the band-shift assays
were due to the binding of these factors, further experiments
were performed using mutated N3 (Fig. 5). Two nucleotides
were mutated in the core sequence recognized by Adf-1
(CGCG!CTCT), and three nucleotides in the core for
TCF11 and AP-1 (GTCA!GCTG), two of which are
shared by the core of USF. The mutated oligonucleotides
were called N37–9 and N319–21, respectively, referring to
the positions of the mutated nucleotides starting from the 5V
end of the oligonucleotides (Fig. 5A).
When the mutated oligonucleotides were used as com-
petitors for the N3 binding with neurula proteins, the
retarded band disappeared in presence of N37–9 (Fig. 5B,
lane 4), while no variation was observed in presence of
N319–21 (Fig. 5B, lane 5). The same result was obtained
using larva extracts (Fig. 5B, lanes 9, 10).
The mutated N37–9 oligonucleotide was also used as
labeled oligonucleotide and it was able to form the same
retarded bands as the wild-type N3 that were displaced
exclusively by the same unlabeled oligonucleotide but not
by the random oligonucleotide (data not shown).When N319–21 was used as labeled oligonucleotide, it
was unable to form specific retarded bands (data not shown).
These results demonstrate that the putative binding site(s)
is localized in the second half of the N3 oligonucleotide
containing the consensus core sequence recognized by
TCF11, AP-1 and USF. Furthermore, comparing the size
of the shifted bands obtained with the N3 oligonucleotide
with larva (Fig. 5B, lanes 6–8) or neurula protein extracts
(Fig. 5B, lanes 1–3), it is evident that different complexes
are formed at these two developmental stages.
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N3 oligonucleotide has been tested by electroporation for
its ability to activate transcription and to reproduce Ci-msxb
endogenous expression in the nervous system. Two con-
structs, named N3-0.1 (containing the CiHox3 basal pro-
moter) and N3-0.35, were prepared by fusing two N3
M.T. Russo et al. / DevelopmFig. 6. In vivo analysis of the N3 sequence containing the Ci-msxb neural enhance
containing the wild-type N3 or mutated N319 – 21 sequence and the CiHox3 (con
construct names and tissues where the reporter gene is expressed. Crosses indicate
or more. (B, C) Lateral and dorsal view of a neurula embryo electroporated with
neural folds. (D, E) Lateral and dorsal view of a neurula embryo electroporated w
lacking any reporter gene activation in the nervous system. (F, G) X-gal staining
electroporated with the N3-0.1 construct (F, dorsal view) but not with the Mut0
mesenchyme. m, mesoderm cells; me, mesenchyme; n, neck; nf, neural folds; optandem repeats upstream from the 0.1 or the 0.35 construct
(Fig. 6A) and electroporated in the embryos. The h-galac-
tosidase activity was assayed at neurula and larva stages. In
Figs. 6B,C, an embryo at neurula stage electroporated with
the N3-0.35 construct is shown. It is visible reporter gene
expression along almost the entire neural folds. Neverthe-
less, the N3-0.35 construct drives only weak expression inr element. (A) Summary of the results obtained with the different constructs,
tained in the construct 0.1) or Ci-msxb (0.35) basal promoter. Right side:
signal intensity and days of staining: ++, 1–2 days; +, 3–6 days; F, 1 week
the N3-0.35 construct. A positive signal is visible along almost the entire
ith the Mut0.35 construct, showing expression in mesodermal territories but
is visible in the sensory vesicle and in the neck/visceral ganglion of a larva
.1 construct (G, lateral view). The last shows expression only in the head
, otolith-ocellus precursors; sv, sensory vesicle; vg, visceral ganglion.
M.T. Russo et al. / Developmental Biology 267 (2004) 517–528526the neural tissues when compared to the D(96/+118)
construct. This suggests that there are likely to be additional
elements in the D(96/+118) construct outside of N3 and
0.35, which enhance the N3 sequence. At larva stage, using
the N3-0.1 construct, staining is restricted to the anterior
region of the nervous system and in particular to the sensory
vesicle and the neck/visceral ganglion (Fig. 6F). As indi-
cated in Fig. 6A, some differences in the neural-specific
expression were observed comparing the N3-0.1 and the
N3-0.35 constructs. Neurula embryos electroporated with
the N3-0.1 construct do not show any signal in the nervous
system in contrast to the results obtained with larva embryos
electroporated with the same construct or with neurulae and
larvae assayed with the N3-0.35 construct. Furthermore,
embryos electroporated with the N3-0.35 construct show a
strong staining in the mesenchyme.
To demonstrate that the core sequence for TCF11, AP-1
and USF binding is involved in the enhancer activity of the
N3 sequence, Mut0.1 and Mut0.35 constructs, containing
two tandems repeats of the mutated N319–21 were prepared
and tested by electroporation. Both at neurula (Figs. 6D,E)
and larva stage (Fig. 6G), staining in the mesenchyme is
visible but no signal is detectable in the CNS of the
embryos. Only some differences in the levels but not in
the localization of the reporter gene expression in the
mesenchyme were observed using as basal promoter the
CiHox3 (0.2) and the Ci-msxb (0.35) sequences (Fig. 6A).
These results indicate that: (1) the N3 sequence contains
all the elements necessary to activate Ci-msxb transcription
along the entire nervous system at neurula stage and to
maintain its expression restricted to the sensory vesicle and
neck/visceral ganglion at larva stage; (2) the core element
recognized by TCF11, AP-1 and USF, is necessary for the
formation of the transcriptional complex; (3) the transcrip-
tional activity of this element is somehow dependent, at
least at neurula stage, on the basal promoter sequence used
to prepare the constructs. Probably that is due to a minor
basal promoter efficiency of the CiHox3 sequence with
respect to that of Ci-msxb.Discussion
In this paper, we report the structure of the C. intestinalis
msxb homeobox-containing gene and the analysis of the
regulatory elements required for its tissue specific expres-
sion. By screening a genomic library, we identified a 9.0-kb
DNA fragment containing the entire msxb gene and part of
its 5V regulatory region. By sequence, PCR and restriction
analyses, we defined the complete organization of the Ci-
msxb gene. The gene spans over 2.3 kb, is divided into five
exons and four introns (Fig. 1A) and is a single-copy gene
(Fig. 1C). Comparing this gene organization with that of the
other msh/Msx genes so far reported in literature, it appears
evident that only the 3rd intron is conserved with respect to
the murine Msx-1 gene that has only one intron, justupstream of the homeobox (Kuzuoka et al., 1994). The
presence of an intron in the homeobox sequence seems to be
a peculiar feature of the C. intestinalis homeobox-contain-
ing genes (Di Gregorio et al., 1995).
This analysis led us to characterize also a fragment of 3.8
kb of the regulatory region. The Ciona msxb gene, as the
murineMsx-1, lacks the canonical TATA and CAAT sequen-
ces but shows a CATAA box 31 bp upstream of the
transcriptional initiation site that has been reported in liter-
ature as a noncanonical TATA box (Pailhoux et al., 1992).
To characterize regulatory elements of Ci-msxb gene, we
carried out transgenic analysis of its 5V region. The 3.8-kb
construct was sufficient to reproduce the complete Ci-msxb
gene spatial expression pattern (Aniello et al., 1999). Using
a series of different constructs (Fig. 2), we identified various
distinct elements responsible for Ci-msxb restricted expres-
sion in the epidermis, pharynx and neural territories. In
particular, comparing the 3.0 and 1.0 constructs, we iden-
tified a region extending from 2258 to 831, responsible
for the transient Ci-msxb expression in the posterior-ventral
epidermis at neurula and tailbud stages (Figs. 2 and 3A–G).
This transient expression reflects the spatiotemporal expres-
sion of the endogenous transcript (Aniello et al., 1999).
The D(217/+118) construct activates the reporter gene
only in the primordial pharynx (Fig. 3H) defining a region
of 252 bp as responsible for this tissue specificity. More-
over, since the 0.45 construct (Fig. 2) do not give any signal
in this territory, the pharynx specific enhancer(s) must be in
the region from position 469 to 239.
Regarding the neural territories, in vivo experiments
permitted to identify a region of 142 bp, extending from
position 239 to 97 that contains the positive regulatory
element(s) able to activate the Ci-msxb transcription in the
neck/visceral ganglion and the sensory vesicle (Fig. 3I).
We further characterized this region by in vivo and in
vitro experiments to identify the enhancer element(s) re-
sponsible for Ci-msxb expression in the CNS during em-
bryonic development. We carried on this analysis focusing
on two developmental stages: neurula, representing the
stage of Ci-msxb activation along the entire nervous system
and larva, the stage of its restriction to the anterior CNS
(sensory vesicle and neck/visceral ganglion).
In vitro analyses by gel shift assay of this region led to the
identification of a 30-bp sequence (N3) that specifically
interacts with protein extracts from neurula and larva (Fig.
4). The N3 sequence is recognized by four transcription
factors, TCF11 (Luna et al., 1994), USF (Workman et al.,
1990), AP-1 (Jehn et al., 1992) and Adf-1 (England et al.,
1992), identified with the TRANSFAC data base. Using
mutated oligonucleotides, we demonstrated that only the
overlapping consensus sequences recognized by TCF11,
USF and AP-1 (Fig. 5) seem to be involved in the formation
of the regulatory complex. We confirmed these results by in
vivo electroporation of various constructs containing two
tandem repeats of the wild-type N3 and mutated N319–21
oligonucleotides. We demonstrated that N3 is necessary to
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neural territories both at neurula and larva stage. The band-
shift assays showed that the retarded bands obtained using
neurula and larva extracts are different. Then, we can suppose
that two distinct factors bind to this sequence and determine
its differential activation. The other possibility is that only
one transcription factor recognizes this sequence but it
interacts with a different number or type of coregulators.
The data reported so far in literature classify TCF11, USF
and AP-1 as ubiquitous trans-acting factors that positively
contribute to gene promoter activity. A USF binding motif
has also been found in the minimal mouse Msx-1 promoter,
in particular in the E-box motif that participates in Msx-1
gene activation but not in tissue-specific determination
(Takahashi et al., 1997).
Among these factors, we considered that TCF11 could be
more interesting because it is up-regulated in the nervous
system (Murphy and Kolsto, 2000). This transcription factor
is characterized by the presence of a b-ZIP (basic-region
leucine zipper) DNA binding domain and it belongs to the
CNC factor family (Johnsen et al., 1996). Through this
domain, it can dimerize with other factors containing the
same type of domain and the dimerization is necessary for
binding to the DNA and for regulation of transcription.
Studies on genes coding for factors belonging to the
CNC family and strictly correlated to TCF11 suggested
some role for this gene family during Drosophila (Mohler
et al., 1995) and Caenorhabditis elegans (Blackwell et al.,
1994) embryogenesis. Recent studies carried out with
mouse embryos have demonstrated that TCF11 is important
during embryonic development. In particular, the expression
seems to be uniform in different tissues during the early
developmental stages. Starting from 8.5 dpc embryos, the
expression shows a dorso-ventral gradient in the brain and
in the anterior neural tube and it is high in the migrating
neural crest (Murphy and Kolsto, 2000).
Since it has been demonstrated that in other organisms,
TCF11 is active not only in the nervous system but also in
other embryonic tissues, we might propose that its neural
specificity in Ciona depends on the interaction with other
unknown factors. This hypothesis would also be supported
by band-shift results. The different sizes of the shifted bands
seem to be the result of the formation of stage specific
regulatory complexes. The specific complex at neurula
would be responsible for Ci-msxb activation along the entire
nervous system. Another complex characterized by the
presence of a new repressor element or of different coac-
tivators would determine, at larva stage, gene down-regula-
tion in the caudal nerve chord.
The existence of three different spliced transcripts of the
human TCF11 has been demonstrated. The two major
translated proteins show different transactivation ability
and different cellular localization. The full-length form
has, with respect to the internally initiated shorter protein,
a N-terminal nuclear export signal that allows cytoplasmic
localization in addition to nuclear localization (Husberg etal., 2001, 2003). The third and shortest protein form seems
not to have transactivation abilities but can interfere with the
activity of the longer forms. These data indicate a compli-
cated regulation and interaction potential of TCF11. The
characterization of the Ciona TCF11 would be interesting to
elucidate if also in this organism the differential processing
of TCF11 transcripts is responsible for controlling its
activity and ability to form regulatory complexes.
In the mouse Msx-1 promoter, the only one that has been
so far analyzed in detail, two different enhancer regions
have been characterized. A proximal element (PE) localized
at 2198, which is responsible for specific expression
during eye and limb formation, and a distal element (DE)
localized at position 4006 which is able to down-regulate
PE or cooperate with it in different discrete mesenchymal
domains (MacKenzie et al., 1997). Unfortunately, searches
in these two regions for significant binding sites did not
permit to identify any known specific transcription factor.
Comparison of the Ci-msxb promoter region with that of
the murine Msx-1 did not show any significant homology.
Then, we can conclude that the transcription factors that
regulate the expression patterns of Ci-msxb must be different
from those regulating mouse Msx-1. The knowledge of the
Msx-2 and Msx-3 regulatory elements from mouse and other
organisms will help to understand the evolutionary relation-
ships of msh/Msx genes between ascidians and vertebrates.References
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